We have found polymorphisms for the number of tandemly arranged haptoglobin-related (Hpr) genes in the haptoglobin gene cluster of Blacks. Genomic mapping and nucleotide sequence analysis indicate that two copies of the Hpr gene first resulted from unequal but homologous crossing-over in a region 3' to the haptoglobin (Hp) and the haptoglobinrelated genes. Subsequent increases in the number of Hpr loci have occurred in some chromosomes. Among 25 American Blacks studied (15 were unrelated), 2 related individuals have one extra copy of the Hpr gene and 5 unrelated individuals have more than two extra Hpr genes. None of 26 Whites and one Oriental studied have extra copies. In one of the Blacks, six tandemly arranged Hpr genes were demonstrated in one chromosome by pulsed field gradient electrophoresis. His other chromosome had one Hpr gene. The tandem Hpr genes were found in individuals with the haptoglobin genotypes Hp2/Hp2 (3 of3 tested) and Hp9/Hpl (4 of 11 tested), but none were found in the Hp'/Hp' individuals (11 tested). Fibroblast cell cultures from two Hp2/Hp' heterozygotes were fused to mouse cells to obtain cell lines retaining a human chromosome 16 on which the haptoglobin gene cluster is located. DNA analysis of the hybrid cells showed that in both individuals the tandemly arranged Hpr genes are linked to the Hp2 allele. These results suggest that the multiple copies are associated with the Hp2 gene.
Haptoglobin, the hemoglobin-binding protein of plasma, contains two a and two ,B chains that are synthesized colinearly as a single precursor polypeptide and processed post-translationally (1) (2) (3) . In humans, there are three common alleles at the locus Hp, which controls synthesis of haptoglobin. The HplF and HplS alleles code for a-chain polypeptides of equal length that differ in charged amino acids making them migrate as fast and slow bands during electrophoresis in acidic starch gels. The Hp2 allele contains an intragenic duplication of 1.7 kilobase pairs (kbp) and codes for an a chain that is almost twice as long as those coded by the Hp' alleles (4) .
DNA studies of the haptoglobin gene have revealed that it is duplicated in the human genome, with a haptoglobinrelated gene, Hpr, being located 2.2 kbp downstream of the Hp gene (5, 6) . The Hpr gene appears to code for a structurally functional protein, although no hemoglobinbinding protein with its expected properties has been described in the literature. In addition, no unequivocal transcripts corresponding to the Hpr gene have been detected (5) . In the first intron of the Hpr gene there is a retrovirus-like element (6) , named RTVL-I (retrovirus-like isoleucine) because it has a potential primer binding site homologous to the 3' end of isoleucine tRNA. This RTVL-I element may be responsible for the apparent inability of the Hpr gene to be transcribed.
Recombinational events involving the two genes, Hp and Hpr, appear to have occurred frequently in recent human evolution. At least two gene conversion events have been detected by DNA sequence analysis. One is at the 3' end of the two genes, where 620 bp of their nucleotide sequences are identical, although other regions of the genes differ by an average of 6.4% (6) . The other gene conversion event produced the HplF allele, one ofthe common alleles ofthe Hp locus, as a consequence of transferring a segment of DNA sequence from the Hpr gene to the Hp gene (N.M., unpublished data). In the present paper, we demonstrate that homologous but unequal crossings-over between the Hp and Hpr genes have also occurred and have resulted in the formation of chromosomes with multiple tandem Hpr genes. We describe characterization at the DNA level of several different examples of these chromosomes found in Blacks.
MATERIALS AND METHODS
DNA. DNA was isolated from cultured cells and from leukocytes (7, 8) . Fifteen unrelated Black individuals were studied. They were not chosen because of their haptoglobin genotypes, but eight had some unusual features in their P-globin gene cluster that had led to their initial selection. Ten relatives of one individual were also studied. Twenty-six Whites and one Oriental were randomly selected.
Genomic Southern Blot Hybridization. Restriction enzyme digests of genomic DNAs (3 ,g) were electrophoresed and transferred to nitrocellulose (9) and hybridized (10) to the following probes: the promoter probe, a 620-bp-Sst I/Bgl II fragment containing the promoter region and first exon of the Hp gene; the hp2a probe, a 500-bp Pst I/BamHI fragment of Hp2 cDNA (4); the hpB probe, a 650-bp BamHI/HindIII fragment of Hp2 cDNA (4) .
Characterization of the Crossing-over Point. Genomic DNA from a Black individual (C.G.) was digested with EcoRI, ligated to EcoRI-digested DNA from bacteriophage Charon 32, and packaged in vitro (11) . The recombinant phages were screened using radiolabeled hp2a probe. The EcoRI fragment that contains the Hpr* gene (see Results) was isolated and subcloned into p010A ori (12) . The nucleotide sequence of the region spanning the crossing-over point was determined by the method of Maxam and Gilbert (13) .
Orthogonal Pulsed Field Gradient Gel Electrophoresis. Fibroblast cells (-2 x 107) were embedded in 0.5% lowmelting-point agarose (SeaPlaque, FMC, Rockland, ME) beads (2 ml) by the method of Cook (14) . The DNA trapped Abbreviations: kbp, kilobase pair(s); RFLP, restriction fragment length polymorphism.
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7MProc. Natl. Acad. Sci. USA 83 (1986) in the beads was digested with Kpn I and subjected to orthogonal pulsed field gradient gel electrophoresis in 0.8% agarose using the method of Schwartz and Cantor (15 (17) , which are defective in adenine phosphoribosyl transferase, by the method of Davidson and Gerald (18) . Twenty-four hours after treatment with polyethylene glycol, cells were trypsinized and redistributed in medium containing 0.05 mM azaserine/0.1 mM adenine and 0.1 juM ouabain. The medium was changed every 3 days for 3 weeks. Surviving colonies were transferred into new dishes and culture was continued in azaserine/adeninecontaining medium.
RESULTS
Genomic Southern Blot Hybridization. Chromosomes with multiple Hpr genes were first detected by the presence of bands with unusual darkness in genomic Southern blots. The unusual chromosomes are not rare. We found 5 individuals having them in a small study of the haptoglobin gene cluster in 15 unrelated Black individuals. Surprisingly, the intensity of the hybridizing bands derived from Hpr* was not the same in all individuals. This is easily seen in Fig. 2 Characterization of the Crossing-over Events. The 10.3-kbp EcoRI fragment, which contains an Hpr* gene, was cloned from the individual C.G. All five copies of the Hpr* gene in C.G. appear to be identical, as judged by the failure of genomic mapping using 6-base recognition enzymes to show any differences between them. In addition, eight independent recombinant phages containing the Hpr* gene showed no recognizable differences in their structures after characterization by several 4-base recognition restriction enzymes. We therefore infer that any clone of Hpr* can be used to characterize the nature of the unequal crossing-over event. The mapping data (summarized in Fig. 1c ) and sequence analysis (summarized in Fig. 3 ) indicate that the crossingover occurred homologously but unequally between misaligned Hp and Hpr genes within a region =1 kbp 3' to the genes. The nucleotide sequences enable the crossing-over point to be defined to within 4 bp, as shown in Fig. 3 . The nucleotide sequence of the Hpr* gene is identical except for one nucleotide (see below) to that of the Hpr gene in the region upstream of these 4 bases, while it is identical except for one nucleotide (see below) to that of the Hp2 gene in the region downstream of these 4 bases. The crossing-over point is very close to the 3' end of the 620-bp region over which the nucleotide sequences of the Hp and Hpr genes are identical (6) .
It was suggested (6) that the 620-bp region of identity is probably the result of a gene conversion event between the Hp and Hpr genes. Interestingly, this region was also apparently involved in the crossing-over event that generated the Hpr* gene. The nucleotide sequence of the region containing the putative crossing-over point (Fig. 3) has no obvious features that would make the region a recombinational "hot spot." We note, however, that the region immediately 5' to the crossing-over point is pyrimidine-rich (22 cytosine and thymine versus 6 adenine and guanine) and that the region immediately 3' is purine-rich (22 adenine and guanine versus 5 cytosine and thymine). Possibly, this local change of strand asymmetry could be related to initiation of the crossing-over event or to resolution of a heteroduplex shown by vertical long bars and length differences by short vertical bars between the two horizontal lines representing the two genes. The -chain coding regions are indicated by slashed bars and the poly(A) addition signal sequence is indicated. The nucleotide sequence of Hpr* is identical (except for one nucleotide) to the sequence of Hpr in the 5' half of the sequenced region; therefore, the thick line representing Hpr* is placed close to the lower thin line. The sequence of Hpr* in its 3' half is identical (except for one nucleotide) to the sequence of Hp, and so the thick line is placed close to the upper thin line in this region. The sequences of the three genes close to the crossing-over point are compared in the lower part of the figure. Within the 100 bp given, the sequences upstream of the 4 bases marked by brackets are identical in Hpr* and Hpr but the sequence of Hp differs in two bases. Hp and Hpr* are identical downstream of the bracket but Hpr differs from the other two genes in 3 bases. These differences are shown by vertical bars. Two nucleotide differences, which appear to be due to polymorphisms (see text), are indicated in the upper part of the figure. unpublished data). Because cytosine makes the position susceptible to digestion with the restriction enzyme Rsa I, we tested cloned genes from several individuals for the presence of this site. It was present in each of two independent clones of the Hp's, HplF, and Hpr genes, and in one isolate of the Hp2 gene, but absent in the Hp2 gene whose sequence was determined previously. The Rsa I site is therefore present in some but not all Hp2 genes.
Further studies are needed to determine whether these BstNI and Rsa I site differences are common RFLPs in human populations and to find the frequencies of the RFLPs, so far seen only in Blacks, due to differences in the number of Hpr genes.
DISCUSSION
Our data show the existence of polymorphisms for the number of haptoglobin-related genes in the human genome. We have identified chromosomes with one, four, and five extra copies of the Hpr gene. These extra copies are found linked to the Hp2 allele but none has yet been seen linked to the Hp' allele. This suggests that the subsequent increases in the number ofHpr* genes were caused by unequal crossingsover involving Hp -Hpr*-Hpr chromosomes. To generate seven loci, the maximum yet seen, from the normal two loci, the same chromosome must have been involved in unequal crossover at least three times. Some individuals are naturally more prone to sister chromatid exchanges than are others, as is the case with individuals with Bloom syndrome. E. Hirsch (University of Minnesota) kindly tested a fibroblast culture from C.G. for the frequency of sister chromatid exchanges. The culture did not differ from other normal fibroblast cultures. Nevertheless, there remains a remote possibility that C.G. (or one of his forebears) has some overall predisposition for events involving chromosomal misalignments. This possibility arises because C.G. was originally studied by us (19) (20) for a review]. These deficiency chromosomes cause phenotypic effects that range from mild to severe in homozygous individuals. When the number of genes is increased, the phenotypic changes usually are milder, and individuals having an extra copy or copies of the a-and t-globin genes are essentially asymptomatic (21) . Four haploid copies of the fetal y-globin gene have been found (22, 23 
